Background: The noble gas helium induces cardiac preconditioning. Whether activation of mitochondrial K ؉ channels is involved in helium preconditioning (He-PC) is unknown. The authors investigated whether He-PC (1) is mediated by activation of Ca 2؉ -sensitive potassium channels, (2) results in mitochondrial uncoupling, and (3) is age dependent.
ISCHEMIC heart disease, with its clinical consequences of acute myocardial infarction, sudden cardiac death, arrhythmias, and heart failure, is the leading cause of morbidity and mortality in industrialized nations. Several studies demonstrated tissue-protective effects of preconditioning during ischemia-reperfusion interventions, both in animals [1] [2] [3] and in humans. 4, 5 However, most of these studies were conducted in young and healthy animals. The morbidity and mortality of myocardial infarction is increased with increasing age, 6 -8 possibly partly because of an aging-related loss of the protective potency of cardioprotective strategies, e.g., preconditioning. 9 -12 The underlying reason for this loss of cardioprotection in the senescent heart is unknown. Lee et al. 11 demonstrated a loss of protection in patients older than 65 yr undergoing coronary angioplasty compared with patients younger than 55 yr. Because a prolonged period of ischemia and the mitochondrial adenosine triphosphate-sensitive potassium (K ATP ) channel activator nicorandil were able to (re)initiate a preconditioning state in the older patients, the authors concluded that the impaired preconditioning response is caused by some defects in signal transduction of activation of K ATP channels with aging. In addition to activation of K ATP channels, 13 preconditioning seems to be mediated also by another class of K ϩ channels: Ca 2ϩsensitive potassium (K Ca ) channels. 14, 15 These channels have recently been described in mitochondria, although their identity with surface membrane channels remains to be proven. 16 It is proposed that activation of K ϩ channels in the inner mitochondrial membrane with the consequence of K ϩ influx into the mitochondrial matrix causes alterations in mitochondrial function. 13, 17 Recently, we discovered that the effect of activation of mitochondrial K Ca (mK Ca ) channels on mitochondrial function is age dependent. 18 A recent study demonstrated that the cardioprotective effect of preconditioning can be mimicked by the noble gas helium. 19 Helium might be a perfect alternative as an organ-protective gas: In contrast to volatile anesthetics or the noble gas xenon, helium is a nonanesthetic gas that might be administered to patients who are subjected to organ ischemia (vascular surgery, organ transplantation, cardiac surgery) or who recently underwent regional ischemia (stroke, angina pectoris, myocardial infarction, organ transplantation) without the "side effect" of being anesthetized. 20 Like xenon, whose clinical use on a routine basis has been, until now, limited because of its high costs and difficulties in application, helium lacks hemodynamic side effects. In mechanically ventilated patients with chronic obstructive pulmonary disease, hemodynamics are improved after helium inhalation. 21 In contrast to xenon, helium can be easily supplied via a tube or a facemask.
Helium confers cardioprotection via modulation of the mitochondrial permeability transition pore (mPTP). 19 It has been suggested that opening of the mPTP can be prevented by alterations in mitochondrial function. 22 However, it is unknown whether helium-induced preconditioning is mediated by K Ca channels with the consequence of altered mitochondrial respiration or whether helium initiates preconditioning in the senescent heart. Here, we hypothesize that helium-induced preconditioning (1) is mediated by activation of K Ca channels, (2) results in mitochondrial uncoupling, and (3) is abolished in the aged myocardium.
Materials and Methods
The investigation is in accordance with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (publication No. 85-23, revised 1996) and was performed after approval of the Animal Ethics Committee of the University of Amsterdam, Amsterdam, The Netherlands.
Materials
Helium was purchased from Linde Gas (Linde Gas Benelux BV, Dieren, The Netherlands), and KCl was purchased from EMD Chemicals (Gibbstown, NJ); all other chemicals were purchased from Sigma Chemical Co. (Taufkirchen, Germany). The polyclonal K Ca channel ␤ 1 subunit antibody and the immunizing peptide were purchased from Abcam (Cambridge, United Kingdom).
Surgical Preparation
Animals had free access to food and water at all times before the start of the experiments. Young (3-4 months) male Hannover Wistar rats (352 Ϯ 15 g) and old (22-24 months) male Hannover Wistar rats (621 Ϯ 34 g) were anesthetized by intraperitoneal S-ketamine injection (150 mg/kg) and diazepam (1.5 mg/kg).
Surgical preparation was performed as described previously. 23, 24 In brief, after tracheal intubation, the lungs were ventilated, and respiratory rate was adjusted to maintain partial pressure of carbon dioxide within physiologic limits. Body temperature was maintained at 38°C by the use of a heating pad. The right jugular vein was cannulated for saline and drug infusion, and the left carotid artery was cannulated for measurement of aortic pressure. Anesthesia was maintained by continuous ␣-chloralose infusion. A lateral left-sided thoracotomy was performed, and a ligature (5-0 Prolene) was passed below a major branch of the left coronary artery. All animals were left untreated for 20 min before the start of the respective experimental protocol. Aortic pressure was digitized using an analog-to-digital converter (Pow-erLab/8SP; ADInstruments Pty Ltd, Castle Hill, Australia) at a sampling rate of 500 Hz and was continuously recorded on a personal computer using Chart for Windows version 5.0 (ADInstruments).
Experimental Protocol
Rats were divided into six groups ( fig. 1 ). All animals underwent 25 min of coronary artery occlusion and 2 h of reperfusion.
Control group (n ϭ 10): After surgical preparation, rats received 30% oxygen-70% nitrogen. Helium preconditioned group (n ϭ 10): Rats received 70% helium-30% oxygen for three 5-min periods, interspersed with two 5-min washout periods 10 min before ischemia and reperfusion. Helium preconditioned group with iberiotoxin (n ϭ 10): Rats received 70% helium-30% oxygen for three 5-min periods, interspersed with two 5-min washout periods 10 min before ischemia and reperfusion. Ibe- riotoxin (6 g · kg Ϫ1 · min Ϫ1 ) was administered continuously over a time period of 30 min starting 5 min before the first preconditioning stimulus. Iberiotoxin group (n ϭ 10): Rats received iberiotoxin continuously over a time period of 30 min starting 5 min before the first preconditioning stimulus. Aged control group (n ϭ 10): After surgical preparation, rats received 30% oxygen-70% nitrogen. Aged helium preconditioned group (n ϭ 10): Rats received 70% helium-30% oxygen for three 5-min periods, interspersed with two 5-min washout periods 10 min before ischemia and reperfusion.
Infarct Size Measurement
After 120 min of reperfusion, the heart was excised, with the occluding suture left in place, and then mounted on a modified Langendorff apparatus for perfusion with ice-cold normal saline via the aortic root at a perfusion pressure of 80 cm H 2 O to wash out intravascular blood. After 5 min of perfusion, the coronary artery was reoccluded, and the remainder of the myocardium was perfused through the aortic root with 0.2% Evans blue in normal saline for 10 min. Intravascular Evans blue was then washed out by perfusion with normal saline for 10 min. This treatment identified the area at risk as unstained. The heart was then cut into 2-mm-thick transverse slices. The slices were stained with 0.75% triphenyltetrazolium chloride solution for 10 min at 37°C and fixed in 4% formalin solution for 24 h at room temperature. The area of risk and the infarcted area were determined by planimetry using SigmaScan Pro 5 ® computer software (SPSS Science Software, Chicago, IL).
For mitochondrial respiration and Western blot analysis, additional experiments (n ϭ 8 each) were performed. Hearts were excised 5 min before the onset of ischemia (total baseline 50 min).
Mitochondrial Isolation
Heart mitochondria were isolated by differential centrifugation as described previously. 18 Briefly, atria were removed, and ventricles were placed in isolation buffer [200 mM mannitol, 50 mM sucrose, 5 mM KH 2 PO 4 , 5 mM 3-(n-morpholino) propanesulfonic acid, 1 mM EGTA, and 0.1% bovine serum albumin; pH 7.15 adjusted with potassium hydroxide] and minced into 1-mm 3 pieces. The suspension was homogenized for 15 s in 2.5 ml isolation buffer containing 5 U/ml protease (from Bacillus licheniformis, Enzyme Commission No. 3.4.21.14) and for another 15 s after addition of 17 ml isolation buffer. The suspension was centrifuged at 3,220g for 10 min, the supernatant was removed, and the pellet was resuspended in 25 ml isolation buffer and centrifuged at 800g for 10 min. The supernatant was centrifuged at 3,220g for 10 min, and the final pellet was suspended in 0.5 ml isolation buffer and kept on ice. Protein content was determined by the Bradford method. All isolation procedures were conducted at 4°C.
Mitochondrial Respiration
Oxygen consumption was measured polarographically at 37°C using a respirometric system (System S 200A; Strathkelvin Instruments, Glasgow, Scotland). Mitochondria (0.3 mg protein/ml) were suspended in respiration buffer containing 130 mM KCl, 5 mM K 2 HPO 4 , 20 mM 3-(n-morpholino) propanesulfonic acid, 2.5 mM EGTA, 1 M Na 4 P 2 O 7 , and 0.1% bovine serum albumin (pH 7.15 adjusted with potassium hydroxide). Mitochondrial respiration was initiated by administration of 10 mM complex II substrate succinate (ϩ 10 M complex I blocker rotenone) after 60 s. State 3 respiration was initiated after 120 s by addition of 200 M adenosine diphosphate. Respiration rates were recorded under state 3 conditions and after complete phosphorylation of adenosine diphosphate to adenosine triphosphate (state 4). The respiratory control index (RCI; state 3/state 4) and the ratio of phosphate incorporated into adenosine triphosphate to oxygen consumed were calculated as parameter of mitochondrial coupling between respiration and oxidative phosphorylation, and mitochondrial efficiency, respectively. From each heart, respiration measurements were repeated in three mitochondrial samples, and the average was taken (and counted as n ϭ 1). Respiration rates are expressed as absolute rates in nmol O 2 · mg Ϫ1 · min Ϫ1 .
Western Blot Analysis
The content of K Ca channels in the mitochondria was determined by Western blot analysis. One hundred microliters mitochondrial suspension was treated with 5 l Triton X-100 (10%), 20 l KCl (4.5 M), and protease inhibitor mix (aprotinin, leupeptin, and pepstatin); stirred; and incubated at room temperature for 5 min. After centrifugation (10,000g, 5 min), the protein concentration was determined by the Lowry method. 25 Subsequently, equal amounts of mitochondrial protein (30 g) were mixed with loading buffer (1:1) containing Tris-HCl, glycerol, and bromphenol blue. Samples were loaded on a 12% sodium dodecyl sulfate-polyacrylamide gel electrophorese gel, separated by electrophoresis and transferred to a polyvinylidene fluoride membrane by tank blotting (100 V, 2 h). Unspecific binding of the antibody was blocked by incubation with 5% skimmed milk solution in Tris-buffered saline containing Tween for 2 h. Subsequently, the membrane was incubated overnight at 4°C with the K Ca channel ␤ 1 subunit antibody (1:1,000). After washing in fresh, cold Tris-buffered saline containing Tween, the blot was subjected to the appropriate horseradish peroxidase-conjugated secondary antibody for 2 h at room temperature. Immunoreactive bands were visualized by chemiluminescence and detected on x-ray film (Amersham Hyperfilm ECL; GE Healthcare Limited, Buckinghamshire, United Kingdom) using the enhanced chemiluminescence system Santa Cruz (Santa Cruz Biotechnology, Inc., Santa Cruz, CA). The blots were quantified using a Kodak Image Station ® (Eastman Kodak Comp., Rochester, NY), and the results are presented as ratio of K Ca ␤ 1 subunit (arbitrary units) to citrate synthase activity (mU/mg). Equal loading of protein on the gel was in addition proved by Coomassie blue staining of the gels. For identification of the specific K Ca ␤ 1 subunit band, additional blocking experiments were conducted using the immunizing peptide in a large molar excess (approximately 70-fold) for competitive inhibition of antibody-protein binding.
Determination of Enzyme Activities
Citrate synthase activity, a mitochondrial marker, was measured according to standard spectrophotometric procedures 26 and served as a control for Western blot results of mK Ca channels. It was shown that citrate synthase activity does not change with increasing age. 27, 28 Statistical Analysis Data are expressed as mean Ϯ SD. Heart rate (in beats/min) and mean aortic pressure (in mmHg) were measured during baseline, coronary artery occlusion, and reperfusion periods. Comparisons between groups or between time points in a group were performed (SPSS Science Software, version 12.0.1) using two-way analysis of variance followed by the Tukey post hoc test. Infarct sizes were analyzed by one-way analysis of variance followed by the Tukey post hoc test. Changes within and between groups were considered statistically significant if P Ͻ 0.05. Mitochondrial respiration results and Western blot data were analyzed by one-way analysis of variance followed by the Tukey post hoc test.
Results

Infarct Size Measurement
Helium-induced preconditioning reduced infarct size in young animals from 61 Ϯ 7% in controls to 36 Ϯ 14% (P Ͻ 0.05; fig. 2 ). Administration of iberiotoxin during the preconditioning period completely abolished cardioprotection (60 Ϯ 11%; not significant [NS] vs. controls). Iberiotoxin alone had no effect on infarct size (59 Ϯ 8%; NS vs. controls). Infarct size in aged controls was comparable with that in young controls (59 Ϯ 7%). In contrast to young rats, helium did not reduce infarct size in aged rats (58 Ϯ 8%; NS vs. aged controls; fig. 2 ).
Hemodynamic Variables
Hemodynamic variables are summarized in table 1. No significant differences in heart rate and aortic pressure were observed between the experimental groups during baseline, ischemia, or reperfusion. At the end of the exper-iments, mean aortic pressure and heart rate were significantly decreased compared with baseline in all groups.
Mitochondrial Function
The respiratory control indices are shown in figure 3 . There was no significant difference in RCI between young (n ϭ 8) and aged (n ϭ 8) control rats (2.76 Ϯ 0.05 vs. 2.87 Ϯ 0.10; NS). Helium preconditioning reduced the RCI in young rats (n ϭ 8; 2.43 Ϯ 0.12; P Ͻ 0.05 vs. controls) but had no effect on RCI in aged rats (n ϭ 8; 2.87 Ϯ 0.09; NS vs. aged controls). RCI reduction was completely abolished by administration of the mK Ca channel blocker iberiotoxin (2.73 Ϯ 0.15; NS vs. controls), whereas iberiotoxin itself had no effect on RCI (2.75 Ϯ 0.05; NS vs. controls). There was no difference between any groups in the efficiency of oxidative phosphorylation, as demonstrated by no changes in the ratio of phosphate incorporated into adenosine triphosphate to oxygen consumed. Figure 4 shows that there was no difference of K Ca ␤ 1 subunit expression in mitochondrial lysates from young and aged rat heart mitochondria (normalized to citrate synthase activity; young: 143 Ϯ 23 arbitrary units, old: 153 Ϯ 12 arbitrary units; NS). The analysis of citrate synthase activity showed no difference between young and old mitochondria (young: 1,012 Ϯ 109 mU/mg, aged: 1,065 Ϯ 61 mU/mg; NS).
Western Blot Analysis
Discussion
The main findings of our study are that helium-induced preconditioning (1) is mediated by activation of K Ca In a recent study, the noble gas helium, a gas without anesthetic properties, was found to mimic the cardioprotective effect of preconditioning. 19 The results of the current study are in line with these previous findings that helium confers cardioprotection in vivo as seen by a strong infarct size reduction in the helium preconditioning group compared with control hearts. 19 It was beyond the scope of the current study to unravel the complete mechanism of helium-induced preconditioning. However, our results demonstrate that activation of K Ca channels is critically involved in the signal transduction pathway because the infarct size-reducing effect of helium was completely abrogated by the K Ca channel antagonist iberiotoxin. A central role of K Ca channels in preconditioning has been shown by several studies demonstrating that either pharmacologic activation of these channels initiates cardioprotection or pharmacologic preconditioning can be blocked by K Ca channel antagonists. 14,15,29 -31 In 2002, Xu et al. 15 reported evidence for the existence of K Ca channels in the inner mitochondrial membrane of ventricular myocytes, and the authors also demonstrated a cardioprotective potency of mK Ca channel activation. Recently, we showed that activation of mK Ca channels increases mitochondrial state 4 respiration and reduces the respiratory control index in isolated guinea pig heart mitochondria. 32 In the current study, helium-induced preconditioning not only reduced infarct size, but also caused a significant reduction in the mitochondrial respiratory control index. Furthermore, helium-induced reduction in the respiratory control index was completely abolished by coadministration of iberiotoxin. We conclude from these data that helium confers cardioprotection by activation of mK Ca channels, with the consequence of mild mitochondrial uncoupling. A mild mitochondrial uncoupling during the trigger phase of preconditioning may represent a common characteristic of mitochondria in a "preconditioned" state. 15, [33] [34] [35] From our data, we cannot state whether mK Ca channels exclusively mediate heliuminduced preconditioning or whether other mitochondrial potassium channels (e.g., mK ATP ) are also involved. Interestingly, both the infarct size-reducing effect and the mitochondrial uncoupling were completely blocked by iberiotoxin. This suggests a crucial role of mK Ca channels in helium-induced preconditioning.
Fig. 2. Infarct size measurement. Histogram shows the infarct size (percent of area at risk [AAR]) of controls (Con), preconditioning with 70% helium (He-PC), preconditioning with 70% helium combined with iberiotoxin (He-PC؉Ibtx), iberiotoxin alone (Ibtx), controls in aged rats (Age Con), and preconditioning in aged rats with 70% helium (Age
The mechanism by which mK Ca channel activation mediates cardioprotection is still incompletely understood. Opening of mK Ca channels is capable of causing a slight increase in mitochondrial reactive oxygen species generation. 32 Stowe et al. 31 demonstrated that the cardioprotective effect of the K Ca channel agonist NS1619 requires superoxide radical generation during the preconditioning stimulus. Furthermore, the authors demonstrated that preconditioning by NS1619 reduces mitochondrial calcium overload and mitochondrial reactive oxygen species production during the subsequent period of ischemia and early reperfusion. 31 Such a reduction in mitochondrial calcium overload and reactive oxygen species generation has been suggested to prevent mPTP opening. 22, 36 Pagel et al. 19 demonstrated that the infarct size-reducing effect of helium was abolished by coadministration of the mPTP opener atractyloside, thereby showing that modulation of the mPTP is involved in helium-induced preconditioning. Furthermore, helium-induced preconditioning was initiated by acting on prosurvival signaling kinases including phosphatidylinositol-3-kinase, extracellular signal-regulated kinase, and 70-kd ribosomal protein s6 kinase. To our knowledge, there is no evidence that "prosurvival kinases" activate mK Ca channels to regulate mitochondrial function. Recently, it was shown that adrenomedullin treatment before ischemia reduces infarct size via protein kinase A-mediated activation of mK Ca channels. 37 This effect was independent of phosphatidylinositol-3-kinase. In the current study, we did not test whether "prosurvival kinases" or protein kinase A are involved in helium effects on K Ca channel activation.
In the current study, helium-induced preconditioning did not reduce infarct size in the aged rat heart. There is strong evidence that the infarct size-reducing effects of cardioprotective interventions are diminished in the aged myocardium. 12, 38 Tani et al. 10 demonstrated that ischemic preconditioning is not effective in middle-aged (50 weeks) hearts from Fischer 344 rats compared with hearts from young adults (12 weeks). Furthermore, in middle-aged rat hearts, direct activation of mK ATP channels by diazoxide reduced infarct size, whereas protein kinase C activation by 1,2-dioctanoyl glycerol was ineffective in reducing infarct size. The authors concluded that the loss of protection by ischemic preconditioning in middle-aged hearts is partially caused by the failure to activate protein kinase C. Recently, Mio et al. 39 demonstrated that isoflurane-induced preconditioning is attenuated in aged human cardiomyocytes. Isoflurane caused a better preservation of mitochondrial respiratory capacity after hypoxia in mitochondria obtained from middleaged compared with aged myocardium, and the authors concluded that the aging-related attenuation of isoflurane-induced preconditioning is caused by alterations in mitochondrial function. The underlying reason for the age-related loss of the cardioprotective potency of helium-induced preconditioning is yet unknown.
In the current study, we show not only that the infarct size-reducing effect of helium is lost in the senescent rat heart, but also that the helium-induced effect on mitochondrial respiration before the onset of lethal ischemia is abolished. Based on these data, we suggest that the aging-related blockade of helium-induced preconditioning is related to defects at the level of the mK Ca channel or its upstream signaling cascade. Previously, we demonstrated that the effects of mK Ca channel activation by NS1619 on mitochondrial respiration were reduced in isolated cardiac mitochondria from aged rats. 18 It has been demonstrated that cardiac mitochondria exist in two functionally distinct populations, subsarcolemmal and interfibrillar mitochondria. 40 Differences between these populations exist with regard to calcium handling and susceptibility to ischemic damage. 41 Fannin et al. 42 demonstrated that aging selectively decreased oxidative capacity in interfibrillar mitochondria, whereas respiration rates of subsarcolemmal mitochondria remained unchanged. Therefore, a limitation of the current study is that we investigated only a mixed population of both subsarcolemmal and interfibrillar mitochondria and did not test for differences between these mitochondrial subpopulations.
Furthermore, there is evidence that aging is associated with a decrease in K Ca channel ␤ 1 subunit expression in the plasma membrane of coronary myocytes, 43 but it is unknown whether mK Ca channel expression is also changed with increasing age. In the current study, we found that aging was without effect on mK Ca channel ␤ 1 subunit expression, suggesting that the aging-related loss of helium-induced cardioprotection is not caused by a decrease in mK Ca channel density. However, this conclusion has to be proven in further studies, because the Western blot analysis of K Ca channel ␤ 1 subunit expression was conducted from mitochondria that were isolated by differential centrifugation without further purification. Therefore, it might be possible that the mitochondrial preparation is contaminated with plasma membrane and that the Western blot band that we detected resulted at least partially from a possible contamination with sarcolemmal K Ca ␤ 1 subunit.
In summary, our results demonstrate that helium initiates preconditioning via activation of mK Ca channels in the rat heart in vivo, but that helium's protective potency is abolished in the senescent heart.
